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minimally conscious state: A sham-controlled randomized clinical trialPatients in unresponsive wakefulness syndrome (UWS e recov-
ery of eyes opening while no behavioral sign of consciousness [1])
and in minimally conscious state (MCS e recovery of reproducible
purposeful behaviors [2]) have no access to conventional rehabili-
tation program, apart from pharmacological or passive rehabilita-
tion treatments. A few clinical controlled trials using transcranial
direct current stimulation (tDCS) applied over the prefrontal cortex
have shown promising results in patients in MCS [3e5]. tDCS has
the advantage of being safe and easily performed at patient's bed-
sides [6]. In the present study, we decided to stimulate the posterior
parietal cortex in subacute and chronic patients in MCS since, based
on the literature, it is a critical hub for consciousness recovery (for a
review see Ref. [7]). We hypothesized that, by increasing the excit-
ability of this critical region, patients might recover some signs of
consciousness.
Thirty-seven patients in MCS, who were 18 years or older, more
than a month post injury, in stable condition and free of sedative
drug(s), were in enrolled in the study. Exclusion criteria were:
non-acquired brain injury, presence of metallic cerebral implant,
pacemaker or any contradiction to tDCS and premorbid neurolog-
ical condition. During the trial, medication and rehabilitation
were kept unchanged. No patients were under any CNS-active
medication. The study was approved by the ethics committee and
written informed consents were obtained from patients' legal
representative (ClinicalTrials.gov NCT02702362). Each patient
received both active and sham tDCS sessions in a randomized order
separated by 5 days of washout. tDCSwas applied with a current in-
tensity of 2mA for 20 minutes per day for 5 consecutive days (at the
same period of the day) with the anode positioned over the poste-
rior parietal cortex (i.e., Pz) and the cathode placed over the right
supraorbital region (DC Stimulator Plus, NeuroConn GmbH, Ger-
many). For the sham session, the current was applied for 5 seconds
at the beginning and at the end of stimulation. tDCS effects were
assessed by means of standardized Coma Recovery Scale-Revised
(CRS-R) assessments [8], directly before the first session (baseline)
and after each active and sham tDCS session as well as five days
later to evaluate the potential long-term effects. The assessor was
blinded from the given treatment. As it is a crossover study, we
tested the period and interaction effect using the methods
described by Altman using a Mann-Whitney U test [9]. The treat-
ment effect was analyzed based on the modification of the CRS-R
total scores using a Wilcoxon signed-rank test. The differences
considered in the present study were: [day 5 e baseline] andhttp://dx.doi.org/10.1016/j.brs.2017.02.001
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following expression r ¼ z/√2n where z is the statistics obtained
from the Wilcoxon signed-rank test. Results were considered sig-
nificant at p < 0.05 (for details regarding the analysis see Ref. [3]).
We also identified tDCS-responders (i.e., showing new sign(s) of
consciousness that was never observed before, lasting at least 5
days after the end of the stimulation, as described elsewhere [3]),
and compared both groups (active and sham) using a Fisher's exact
test.
Thirty-seven patients in MCS were enrolled int this trial and
thirty-three completed the study (mean age 57 ± 11 years; 13
women; interval 6 ± 5 months; 20 post-traumatic). Four patients
dropped-out because of medical complication (unrelated to tDCS)
or due to a transfer to another facility. Demographic data and CRS-
R scores are reported in Supplementary Table 1. All patients toler-
ated tDCS well and no severe side-effects related to tDCS were
observed. No period or interaction effects were observed (p >
0.05) at day 5 or at day 10. We also compared baseline of the sec-
ond session with baseline of the first session to assess carry-over
effects; we did not find any difference (p ¼ 0.28). Therefore, we
could calculate the treatment effect and found a significant
improvement at day 5 (p ¼ 0.012 e effect size: 0.31), while no
treatment effect was identified 5 days after the last stimulation
(day 10 e p ¼ 0.135) (see Fig. 1). We found a significant difference
between responders' rate (active and sham sessions e p ¼ 0.04,
Fisher's exact test): a total of 9 (27%) patients showed improve-
ments during the active session (i.e., tDCS-responders), compared
to 2 patients during the sham session. Four patients recovered
reproducible and 1 systematic command following, 1 patient
regained an intentional communication, 2 recovered visual pur-
suits, 1 regained the ability to recognize objects and 1 recovered
intelligible verbalization.
The present study shows that tDCS over the posterior parietal
cortex improves the recovery of clinical sign(s) of consciousness
in some patients in MCS; however, the effects did not last when
reassessed at 5-day follow-up. When comparing the effect sizes
(0.43 vs 0.31), the number of responders (56 vs 27%) and the dura-
tion of the effect with our previous study on tDCS targeting the left
prefrontal cortex (using the same protocol [3]), we found stronger
effects for the prefrontal stimulation. Stimulating the posterior pa-
rietal cortex might influence cortico-cortical and cortico-thalamic
connectivity, which are both degenerated in patients with DOC
[3]. On the other hand, prefrontal stimulation may induce ahe posterior parietal cortex in patients inminimally conscious state: A
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Fig. 1. Boxplot of active tDCS (in grey) and sham tDCS (in white). Treatment (day 5,
p ¼ 0.012) and long-term effect (day 10, i.e., 5 days after the end of the last stimulation,
p ¼ 0.135) were assessed using Wilcoxon match-paired signed-rank test depending on
the changes of CRS-R total scores. Black lines represent the medians of the delta of the
CRS-R total score between baseline and after tDCS (anodal or sham); boxes represent
the interquartile range; the bars represent minimum and maximum. *p < 0.05.
W. Huang et al. / Brain Stimulation xxx (2017) 1e32stronger effect on the connectivity between the prefrontal cortex
and the thalamus since this region has high connectivity with the
striatum [10]. Through this fronto-striatal connection, a stimulation
of the prefrontal cortex may reduce the inhibition of the thalamus
and therefore reinforce thalamo-cortical connectivity. Though large
cohort studies comparing different sites of stimulation are needed
to confirm the possible superiority of one specific montage, it
seems that prefrontal tDCS induces higher effect than tDCS applied
over the posterior parietal cortex in patients in MCS. It is also
important to note that some patients, based on their brain lesions,
may benefit from tDCS targeting different cortical areas.
These results lead to several follow-up questions and future
studies: 1) Was the difference between responders and non-
responders associated with anatomical differences induced by the
mechanism of brain lesions? 2) Does prefrontal tDCS induce a
larger magnitude of effects or some participants would respond
better to prefrontal tDCS and others to parietal tDCS? 3) Can param-
eters of tDCS be optimized to induce larger and more long-lasting
effects? 4) Can tDCS improve brain activity as measured by neuro-
imaging tools?
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